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Abstract
Zig-zag antennas are preferred in VHF applications. In conventional Zig-zag antenna structure the important parameters are
pitch angle(α),and segment length of Zig-Zag elements. The vertex angle and segment length are constant for a conventional
uniform Zig-Zag antenna. This paper proposes a methodology for optimal design of Zig-Zag antenna with nonlinear segment
length and varying vertex angle for maximizing gain with circular polarization. Segment length and pitch angle of the antenna are
parametrically modeled using B-Splines. Optimization is done using particle swarm optimisation(PSO) and antenna parameters
are estimated using Numerical Electromagnetic Code(NEC2). The C++ source code of NEC2 software is suitably modiﬁed to
incorporate spline modeling and PSO. Numerical simulation results shows that the antenna modeled by proposed method gives
better gain characteristics compared to antenna with constant length and vertex angle.
c⃝ 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Department of Computer Science &
Engineering, National Institute of Technology Rourkela.
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1. Introduction
Zig-Zag antennas are of great practica1 importance in high frequency, very high frequency, and ultra high fre-
quency communications. Zig-Zag antennas are used in applications where unidirectional radiation pattern is preferred.
It has characteristics such as high gain, large bandwidth, high front to back ratio (F/B) and low cost. This antenna
design is used where a wide range of frequencies is needed while still having moderate gain and directionality.
The conventional design of Zig-Zag antenna uses constant pitch proﬁle and uniform Zig-Zag element length
[1],[2] as shown in ﬁg 1. But many practical application requires non uniform Zig-Zag structure, to meet the design
constraint and to reduce the complexity of antenna design. The design of antennas with nonlinear element length has
been studied which gives better radiation characteristics compared to constant pitch proﬁle. Referring to the standard
geometry, the geometrical parameters of Zig-Zag structure are varied[4],[5],[6], to get desired radiation characteristics.
In this paper a Zig-Zag antenna with nonlinear pitch angle and element length is presented, achieving maximum gain
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Fig. 1. Illustration of a uniform zig-zag antenna & pitch angle (α)
and improved bandwidth for speciﬁed and VSWR. In our work, NEC2 is used for simulation of antenna parameters
and Particle Swarm Optimization is used for optimization.
NEC2 stands for Numerical Electromagnetics Code (version 2) and is an antenna modeling package which
exploits method of moments technique for solving electric and magnetic ﬁeld. It is a general public license (GPL)
code where users are free to modify the code. The NEC2 software accepts the antenna geometrical model in .nec ﬁle
format which is a text format.
Particle Swarm Optimization (PSO)[7]-[10] introduced by Dr. Kennedy and Dr. Eberhart in 1995 for op-
timization problems , is a computer code used for analyzing the electromagnetic response of an arbitrary structure
consisting of wires and surfaces in free space or over a ground plane.
This paper proposes a methodology to ﬁnd the Zig-Zag geometry segment length (lns)and nonlinear pitch
angle of an N element Zig-Zag antenna, for maximizing the gain (G )subject to unity axial ratio. For getting circular
polarization, axial ratio is made unity[11]. In this work, the Zig-Zag structure is parametrically modeled using six
control values.Any complex geometrical structure can be represented using Spline Modeling. As the number of knot
points increases the accuracy increases. But this will increase the computational complexity. If less number of control
points are taken,then the modeling of very few structures could be done. So as a compromise, six knot points are
chosen. These can model any complex antenna structure. Each control value represents length and vertex angle,
which are taken at six equidistant point along the axis of the antenna. For N segment Zig-Zag antenna, the length and
vertex angle for each segment is interpolated using B-Spline curves which uses six knot points as explained above.
By using the B-Spline curves, the non linear Zig-Zag antenna with complex geometry can be parametrically modeled
using reduced set of basis function. For testing the proposed algorithm, the original source code of NEC2 are suitably
modiﬁed to incorporate B-Spline modeling and particle swarm optimization. Simulation results show that there is
signiﬁcant improvement in gain characteristics.
2. Modeling of Zig-Zag antenna using B-Splines
2.1. B-Spline Modeling
Splines are a mathematical means of representing a curve, by specifying a series of points at intermediate
intervals along the curve and deﬁning a function that allows additional points within an interval to be calculated.
B-Splines are a family of interpolating splines which are completely speciﬁed with six consecutive control points. To
calculate a point on the curve, two points on either side of the desired point are required. The B-Spline modeling
equations [12] are speciﬁed below:
Given m real values ti, called knots, with t0 ≤ t1 ≤ .....tm−1 a B-spline of degree n is a parametric curve
S(t) = [tn, tm−n−1]→ℜn composed of a linear combination of basis B-splines bi,n of degree n
S(t) =
m−n−2
∑
i=0
Pibi,n(t) t ∈ [tn, tm−n−1] (1)
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The points Pi ∈ℜd are called control points or de Boor points. There are m-n-1 control points, and the convex
hull of the control points is a bounding volume of the curve. The m-n-1 basis B-splines of degree n can be deﬁned,
for n=0,1,...,m-2, using the Cox-de Boor recursion formula
b j,0(t) :=
{
1 t j ≤ t ≤ tm−n−1
0 otherwise (2)
b j,n(t) :=
t− t j
t j+n− t j b j,n−1(t)+
t j+n−1− t
t j+n+1− t j+1 b j+1,n−1(t) (3)
2.2. Antenna Modeling
The N-segment Zig-Zag antenna is modeled using segment length and vertex angle for each segment. The segment
length and vertex angle for nth segment is represented by
P(t) = (l(t),α(t)) where t = n/N. (4)
P(t) is now interpolated using B-Spline interpolation,
P(t) =
m−n−2
∑
i=0
Pibi,n(t) n = 0,1,2...N (5)
In this work t0 = 0; t1 = 1/6; t2 = 2/6; t3 = 3/6; t4 = 4/6; t5 = 5/6 which are represented by P0,P1, ....,P5.
Each Pi is obtained based on equation (1).
In this work, Zig-Zag antenna is modeled using number of elements (N), nonlinear pitch angle(α) and element
coordinates(Pis). The proﬁle for the entire structure is modeled by ﬁtting a B-spline curve using pitch angle and
coordinates at six equal distant points along the axial length of the antenna structure as shown in Fig. 2.
3. Particle Swarm Optimization
Optimization refers to choosing the best element from some set of available alternatives. In PSO[8],[9] the
solution of an optimization problem is represented by a swarm of particles and each particle i is associated with two
vectors, i.e., the velocity vector Vi = [v1i ;v
2
i ...v
D
i ] and the position vector Xi = [x
1
i ;x
2
i ...x
D
i ] , where D stands for the
dimensions of the solution space. The velocity and the position of each particle are initialized by random vectors
within the corresponding ranges.
During the evolutionary process, the velocity of particle i on dimension d is updated as
vdi = wv
d
i + c1rand
d
1 (pBest
d
i − xdi )+ c2randd2 (gBestdi − xdi ) (6)
Fig. 2. Pitch proﬁle using six control values
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Position of particle i on dimension d is updated as
xdi = x
d
i + v
d
i (7)
where ω is the inertia weight, c1 and c2 are the acceleration coefﬁcients, and randd1 and rand
d
2 are two
uniformly distributed random numbers independently generated within [0, 1] for the dth dimension.In (5), pBesti is
the position with the best ﬁtness found so far for the ith particle, and gBesti is the global best solution. The equations
(5) and (6) are iterated till convergence. During iteration, the current local best is updated with particle i if its ﬁtness
value is less than the ﬁtness value of the local best. In PSO,the ﬁtness function is the function to be minimized. Global
best is the particle with lowest ﬁtness function.
Particle Swarm Optimization (APSO)[13] features better search efﬁciency than classical PSO. More impor-
tantly, it can perform a global search over the entire search space with faster convergence speed. By evaluating
the population distribution and particle ﬁtness, a real-time evolutionary state estimation procedure is performed to
identify one of the following four deﬁned evolutionary states, including exploration, exploitation, convergence, and
jumping out in each generation. It enables the automatic control of inertia weight, acceleration coefﬁcients, and other
algorithmic parameters at run time to improve the search efﬁciency and convergence speed
4. Proposed Method
The paper proposes a methodology to ﬁnd the Zig-Zag antenna segment length and vertex proﬁle (P0,P1,P2,
P3,P4,P5) with maximum gain subject to unity axial ratio (AR). Unity axial ratio is desired because circular polar-
ization is preferred. The aim of the paper is to design antenna with maximized gain provided there is signiﬁcant
bandwidth. This can be mathematically described by following optimization problem
Minimize
f (P0,P1,P2,P3,P4,P5) =
1
G
+λ ∣AR−1∣ (8)
where λ is Lagrange’s multiplier and Pi = (li,αi)
Bandwidth is chosen as the frequency range where VSWR is less than 2. Particle swarm optimization is used
for ﬁnding the optimal vertex proﬁle. Each particle is represented by six control points on the vertex proﬁle. Initially
the particles(vertex proﬁle) are assigned with random values which lies between minimum and maximum values. The
procedure represented as a block diagram is shown in ﬁg.3.
Fig. 3. Antenna design using PSO
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By using spline modeling the vertex proﬁle together with number of segments are converted to antenna con-
ﬁguration in .nec format that can be read by NEC2. The output parameters such as gain, VSWR, impedance etc of
antennas are computed using NEC2. With these values, ﬁtness function is evaluated using equation(8) and particle
position is updated. Using the updated particle position, the above procedure is iterated until PSO converges to an
optimum solution. The converged values indicate the antenna design parameters like segment length, pitch angle(α)
for speciﬁed operating frequency and no of segments(N). etc., optimized for maximum gain and bandwidth.
5. Results and Discussions
For simulation, windows based software is used to incorporate B-Spline modeling and Particle Swarm Opti-
mization. Using the GUI, a user front end is developed through which the required parameters like number of turns,
α , input impedance etc. are entered. To get optimized antenna radiation parameters, minimum and maximum value
of coordinate of elements, operating frequency, minimum and maximum sweep frequency, number of particles and
iteration number etc. for Particle Swarm Optimization are entered manually through GUI front end for optimization.
Fig. 4. (a)Uniform zig-zag antenna; (b) Plot of SWR and Gain
Fig. 5. (a)Radiation pattern of Constrained Zig zag structure; (b) Plot of SWR and Gain of constrained zig zag antenna
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The basic uniform Zig-Zag antenna is used as the reference antenna. The uniform Zig-Zag antenna of No. of
segments=10 (i.e., N=5),segment length L=9.67cm is chosen with constant pitch angle α = 300. Simulations are
conducted at center frequency f0=195MHz. The uniform zig-zag antenna and its radiation pattern obtained is shown
in Fig. 4.
A non uniform Zig-Zag antenna with 10 segments is simulated choosing the following parameters:
Center freq f0 = 195MHz, Pi = (li,αi) where i=1,2,3....,N
100 ≤ α ≤ 90,.1≤ ln ≤ .5
The non-uniform Zig-Zag antenna structure and the 3D pattern obtained are shown in ﬁg.5a and ﬁg.5b re-
spectively.The plot of Gain and Obtained bandwidth vs number of segments is shown in ﬁg.6a. Fig.6b shows the total
gain pattern obtained for the non uniform Zig-Zag antenna structure. It can be observed that as the segment number
increases, the gain and bandwidth shows improvement for same sweep frequency range.
The table 1 shows the optimal designed non uniform Zig-Zag antenna characteristics based on our approach.
Antenna radiation parameters for different values of N are summarized.
The proposed non-uniform Zig-Zag antenna is physically realized by winding copper wire in Zig-Zag pattern.
The optimized design parameters are used for prototype development. Copper metal plate is used as the ground plane.
Radiation pattern measurement is done by using folded dipole antenna as the receiving antenna. Reﬂection coefﬁcient
is observed using Network analyzer.
From the results obtained it is observed that the proposed non uniform Zig-Zag antenna shows better gain
and radiation pattern than the conventional uniform Zig-Zag structure. Also bandwidth improvement is achieved
maximizing gain.
Fig. 6. (a)Plot of gain and bandwidth versus N; (b) Total gain pattern of non uniform Zig-zag antenna
Table 1. Optimum Zig-Zag parameters for Proposed method
No. of Segments(N) Gain(dB) Zin Bandwidth(MHz)
8 13.22 52.53-j557.36 2.4
10 14.06 239.27-j672.25 2.6
12 15.04 54.43+j281.39 3.1
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6. Conclusion
This paper presents a novel method for the design of Zig-Zag antenna with nonlinear pitch proﬁle for maximiz-
ing the gain subject to constraints of unity axial ratio based on B-Spline modeling and Particle Swarm Optimization.
In this paper, the antenna is compactly modeled using six segment and vertex proﬁle. Simulation results show that
gain characteristics of antenna designed using our approach is better than classical design. Further work involves
ﬁnding the optimal geometry with constraints on VSWR.
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